This paper describes the advantages of operating a non -imaging collector in a mode where steam is generated directly in the collector, rather than using a heat transfer oil and a secondary heat exchanger. The predicted performance advantages from generating steam directly in the collectors are significant, and that performance was verified using a collector built and tested at Argonne National Laboratory.
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The advantages of generating steam in a collector rather than by using a heat transfer oil were brought to our attention in 1980. A demonstration of industrial process heat was to be constructed that desired 135-150°C steam to be delivered to a load from a collector system. Since the non-imaging collectors that were under development at Argonne National Laboratory (ANL) were capable of operating with good performance at these temperatures, we explored the possibility of using the ANL design in this application with the ArchitectEngineer of the demonstration project.
The state of the art at that time was to circulate a heat transfer oil (such as Therminol-66 through a collector field and then use it to boil the water in a heat-exchanger. When we looked at that system more closely, it became apparent that the collector would have to be operated at 250-315°C in order to supply the 135-150°C steam reguired by the load. The higher operating temperature is reguired because of the low heat capacity of the oil (^2092J/kg°C) and the high heat of vaporization of water ^2,326,0003/kg). Therefore, to supply .1 kg/s of steam to the load, over 22 kg/s of oil would have to be circulated through the collector system if the temperature drop in the oil was limited to 5°C. This was too high a flow rate, therefore a higher temperature drop in the boiler was desired, on the order of 110-155°C, which would reduce the oil flow requirement to 1.0-0.7 kg/s. This was still a high flow rate, but one that was considered feasible.
The use of a 110-155°C temperature drop in the boiler resulted in the required temperatures from the collector (shown in Table 1 ) being excessive for the state of the art of non-imaging collectors, and parabolic troughs were used for the demonstration.
The advantages of non-imaging concentrators (that they can be stationary and do not require tracking) were therefore lost for this application. We began to look at alternative methods of designing the system to allow the collectors to operate at a reasonable temperature and to still deliver energy to the load at 135-150°C. Since the problem was really one of transforming the energy from the collector to steam at the load, and the large temperature drop is required because of the low heat capacity of oils and the use of a sensible heat transfer medium to deliver energy to a phase change process, we decided to explore the possibility of eliminating that step in the process by boiling the fluid (water) directly in the collector. This gave many advantages on paper, since the flow rate of the fluid going through the collector system would be greatly reduced (reducing pumping power costs) and since the temperature that the collector system would have to operate at would be reduced. Table 1 shows a comparison of the two modes of operating the collector system to deliver 0.1 kg/s of steam to the load.
Once we had decided that generating steam in the collector was desirable, we were faced with two tasks; how to design a collector to generate steam reliably, and how to test such a collector when generating steam and eliminate the problems of transients due to pressure changes in the steam system. 
Description of collector
The experimental collector that we designed is a modification of a commercial non -imaging collector with tubes oriented in a N -S configuration made by Sunmaster Inc., Corning N.Y. By N -S configuration, we mean that if the collectors were horizontal, the absorber tubes and concentrator troughs would he aligned northsouth. This collector was chosen because some of the existing components could be used without modification and other more advanced components could be purchased or fabricated at ANL. A description of the modifications is included in the next section.
Testing problems
The other problem that needed to be solved for running the test was how to test a collector that is generating steam. What one desires is to measure the energy delivered as steam, and not credit the collector with extraneous energy credits that are not part of the energy delivered to an actual load. Simply measuring the volume of condensate from the collector would not be accurate since any steam that condensed in the manifold of the collector and any carry -over of water from the tubes would be counted as delivered energy when it should not be. Another complicating factor is that if the pressure of the system is varied, the energy supplied by the collector will rise and fall as the amount of energy stored in the hot pressurized water varies. This would make interpretation of the data very difficult, especially for a small test collector array.
Our approach to the testing problem was to design a constant -pressure, variable -area condenser that could be coupled to a reference heat source to allow accurate measurement of the energy delivered as steam. This apparatus is described in the next section.
Experimental design
Collector
The Sunmaster collector uses a non -imaging cusp reflector with an aluminized plastic reflector surface that has been thoroughly tested for durability. The reflectivity is ti0.80. We replaced these reflectors with a specially designed "gaplossless" reflector1'2 that was designed by using a computer ray trace program developed at ANL by W. R. McIntire. This reflector shape is shown in Figure 1 . The shaped surface was covered with a plastic film from 3 -M that incorporated silver as the reflector with an acrylic protective coating (reflectivity ti0.93). This film was not expected to have an extended lifetime in an outdoor environment, but it was chosen to test the benefits of silver as a reflector material.
At the time these collectors were modified, the standard evacuated receiver tube used by Sunmaster (manufactured by Owens -Illinois) was 107 cm (42 ") long (active length), and had a coating with an absorptivity of 0.78 -0.85. Owens -Illinois was able to supply ANL with advanced tubes that were 183 cm (72 ") long that had an improved coating with an absorptivity of 0.92 -0.95. These advanced tubes were used in the tests described in this paper and are now used in the standard Sunmaster collector. 
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In normal operation of a standard Sunmaster collector, the heat transfer fluid first fills the inner area of the evacuated tube and then overflows into a small central tube which extends almost the full length of the evacuated tube.
In the steam generating mode, the heat transfer fluid (water) is not allowed to overflow. The water fills the evacuated tube to almost overflowing and is then allowed to boil.
The relatively large cross-sectional area of the evacuated tubes allowed the steam bubbles to rise to the top of the tubes and separate from the water with relatively little carry -over.
The steam is then exhausted through the small central tube.
Constant -pressure variable -area condenser
We have had considerable experience in the testing of collectors using a reference heat source3 and desired to continue to use this technique to avoid the problems of flowmeter calibration and heat capacity changes of the heat transfer fluid. However, since the collector was to deliver steam, special modifications of the test procedure and equipment had to be made. The objective was to operate the collector at a constant temperature and pressure and to measure the amount of energy delivered as steam to the load.
A variable -area constant -pressure condenser system was designed. The schematic of this device is shown in Figure 2 . Steam and water from the collector under test enter an insulated container that has a separator tank, a condenser, and a condensate tank surrounded by guard heaters. The water in the steam may be the result of water that is carried over from the collector that was never vaporized, or from condensation in the manifold of the collector due to heat losses. This liquid water is separated from the steam in the separator tank, and the steam is sent on to the condenser. A coolant is circulated through the condenser, condensing the steam to water, which then drains to the condensate tank.
Nitrogen gas pressure is supplied to the top of the condensate tank and serves as the means of setting the overall system pressure. The nitrogen pressure is set to the value desired for a given experimental run by a back -pressure regulator.
The collectors must then operate at a sufficient pressure to overcome the nitrogen pressure before the steam can reach the condenser.
When the system is started, the nitrogen pressure is set to the desired value and the collectors are supplied with water near the operating temperature desired. The steam generated by the collectors begins to flow into the system and sweeps the nitrogen that is present in the system ahead of the steam flow until the condenser is reached. The steam then begins to condense, and a steam -nitrogen interface is established in the condenser. If, for any reason, the rate of steam production changes (e.g. from a change in insolation), the steam -nitrogen interface will change position in the condenser, varying the active area of the heat exchanger but keeping the operating pressure on the collector relatively constant. This avoids flash boiling in the collector due to pressure changes and allows steady operation of the collector at a given temperature and pressure. Changes in the operating conditions are accomplished by simply changing the nitrogen pressure to a new operating point.
Reference heat source
The heat removed from the condenser represents the energy delivered from the collector as steam, since the water was separated from the stream prior to the steam passing through the condenser. This energy is measured by use of a reference heat source that is shown in Figure 3 .3 Ethylene -glycol is pumped from a storage tank through a reference heat source (labeled calorimeter), and a known amount of energy is added to the glycol fluid using an electrical heater and watt -meter. The temperature rise of the fluid is measured with a 5-junction thermopile. This fluid is then passed directly into the condenser section where it picks up an unknown quantity of energy by condensing the steam, and the temperature rise across the condenser is measured with a similar 5-junction thermopile. The fluid then is routed back to the glycol storage tank, and the temperature of the storage tank is held relatively constant during a test period by dumping through a heat exchanger the portion of energy picked up by the collector under test.
The energy delivered by the steam is then easily calculated by the ratio of temperature rises across the reference heat source and the condenser and the electrical energy added to the heat source. The 6.4 m2 collector was tested using the experimental set up of Figure 4 . Water was supplied to the collector array by a gravity feed tank. The fluid level in the supply tank was adjusted to fill the evacuated tubes to within 1 -2 cm of the top, and additional water was added to replace any boiled off. Since the net consumption of water by the collector was low, the water was force circulated past the entrance to the collectors to ensure that the temperature of the water entering the collector was close to that in the supply tank. The steam from the collector was fed directly to the separator tank of the constant -pressure variablearea condenser system as described the previous section.
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The heat removed from the steam by condensing it was picked up by the glycol fluid from the reference heat source. The average temperature drop required between the steam and the glycol was 30 °C. Early runs with less available delta T resulted in the steam -nitrogen interface being swept out of the heat exchanger which caused the data to be erratic.
For steam generation tests, the collector was run on clear days with insolation levels of 800 -950 w /m2 as measured by a pyranometer that was positioned with the same azimuth and tilt as the collector.
Optical efficiency tests were also performed. For these tests, water was circulated through the collectors while they were connected directly to a reference heat source. The temperature was kept as close to ambient as possible (ti15 °C above ambient) to limit heat loss. The collector was manually turned to be normal to the sun during optical efficiency tests.
Test results
The collector array had an optical efficiency at normal incidence of 68 %. The value calculated using the computer ray -trace program is 75% at normal incidence. The 7% variation from the calculated value is assumed to be due to variation from tube -to -tube in the absorber coating, fabrication errors in mirror shape, and differences in the alignment of the tubes to the reflectors. The predicted optical efficiency would have a dip at about 15° from normal, and then rise slowly as the angle increases. 4 The computed optical efficiency is shown in Figure 5 .
The data points for multiple runs at 120 °C are also shown on Figure 5 as a function of angle across the trough. The efficiency varies from 53% at normal incidence to 58% at 40 °, paralleling the expected rise in optical efficiency.
Conclusions Performance improvement
The experimental collector with steam generated in the collector out performs the standard collector with a separate boiler for two reasons --the improved components and design of the collector, and the generation of steam in the collector.
The improved components and design (better absorber coating, gaplossless reflector shape, and silver mirrors) raised the theoretical optical efficiency to 75% at normal incidence,and the experimentally determined optical efficiency to 68 %. This can be compared to the standard collector optical efficiency of 53 %, yielding a 15 percentage -point gain in optical efficiency.
The gain in performance due to improved components is available whether the collector is operated in the steam generation mode or in a conventional mode using a hot -oil heat transfer fluid and an external boiler. However, if the heat transfer oil were used, the collectors would have to operate at 315 °C to deliver the steam, and the thermal losses from the collector would be greater.
To evaluate this effect, a computer model of the system that calculates the yearly efficiency of a collector operating at different temperatures was run at temperatures of 120, 250, and 315 C. The model uses the actual weather data for Chicago, Illinois, for 1980. The computed yearly efficiencies were respectively 43 %, 8 %, and 0.7 %.
The difference between the measured 53% (instantaneous) efficiency and the yearly 43% efficiency is due to marginal periods.
This shows the substantial system performance improvements that arise from boiling in the collector rather than using a heat transfer oil.
The concept of boiling in the collector has been demonstrated and the performance is significantly improved over a more conventional method of generating process steam.
Future work
A prime area for research on improved materials is the development of silver films that can withstand the environmental conditions that collectors are expected to see.
The film used in these collectors is not satisfactory, but discussions with film manufacturers lead us to believe that a more stable film could be developed.
The advantages due to boiling in the collector have not been exploited in any system design to date.
Preliminary studies at ANL indicate that the concept has some significant advantages for Rankine -cycle cooling applications. These system advantages need to be verified by more detailed analysis and experimental verification.
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